
Consumption of wildlife meat drives emerging 
infectious diseases (1), often amplified by hu-

man encroachment into natural areas and changes 
in land use. Wildlife trade and consumption have 
been responsible for outbreaks of diseases such as 
HIV-1 (2), Ebola (3), and monkeypox (4) and pos-
sibly for the coronavirus disease pandemic (5). 
Wildlife markets bring diverse species into con-
tact, usually in dense and unsanitary conditions, 
enabling mixing, amplification, and transmission 
of pathogens among species, including humans 
(6). Small mammals host diverse pathogenic bac-
teria and viruses (7), but little investigation of en-
demic bacteria transmission has occurred. De-
termining pathogens present in traded wildlife 

is vital to guide appropriate measures to combat  
zoonotic diseases and document societal and envi-
ronmental costs of wildlife trade.

The Study
During December 2014–September 2017, we col-
lected samples from 9 wildlife trade hotspots (8) and 
2 roadside stalls (hereafter all referred to as trade 
sites) in Laos (Figure; Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/28/4/21-0249-App1.
pdf). In addition, 3 Provincial Offices of Forest In-
spection (POFI) collected samples from wildlife con-
fiscated in markets by law enforcement. After identi-
fying wildlife at trade sites (9), we asked vendors for 
permission to sample their animals. Depending on 
whether the animal was alive, dead, or butchered, 
we collected urogenital swabs, urine and blood sam-
ples, and kidney, liver, and spleen tissue samples 
(Appendix Table 2). 

We extracted nucleic acid using QIAamp Viral 
RNA Mini Kits (QIAGEN, https://www.qiagen.
com) with modifications (Appendix). We conduct-
ed PCRs targeting Leptospira spp., Rickettsia spp., 
Orientia tsutsugamushi, Anaplasmataceae, Ehrlichia 
chaffeensis, Anaplasma phagocytophilum, Coxiella bur-
netti, flaviviruses, hantavirus, dengue virus, Zika 
virus, and universal bacterial 16S rRNA (Appendix 
Table 3). Where necessary, PCR products were se-
quenced (Macrogen Inc., https://www.macrogen.
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com) and compared against GenBank through blastn 
(https://blast.ncbi.nlm.nih.gov). We performed de-
scriptive, univariate, and multivariate analyses by 
using R version 3.6.2 (https://www.r-project.org). 
We assessed the effect of the wild meat processing 
status (alive, fresh, or frozen) on the risk for Lepto-
spira detection by using a mixed effects logistic re-
gression with species as random effect. Statistical 
significance was set at α = 0.05 (Appendix).

We collected 717 samples from 359 animals (trade 
sites: 461 samples from 324 animals; POFI: 256 sam-
ples from 35 animals); animals sampled were from 
>37 identifiable vertebrate species from 12 families 
(Appendix Table 4). Most were Sciuridae squirrels 
(73.0%, 262/359) and represented 16 species, most 
frequently Pallas’s squirrel (Callosciurus erythraeus) 
(20.3%, 73/359). From trade sites, 69 animals (21.3%, 
95% CI 17.0%–26.2%) had >1 samples positive for >1 

pathogens in 10 of 11 sites (90.9%, 95% CI 57.1%–
99.5%) (Appendix Table 5). Of 324 animals tested, 
65 (20.1%, 95% CI 15.9%–24.9%) were positive for 
Leptospira spp.; 4/41 were positive for Rickettsia spp. 
(9.8%, 95% CI 3.2%–24.1%), 0 for O. tsutsugamushi 
(0%, 95% CI 0%–10.7%), and 2 for Anaplasmataceae 
(4.9%, 95% CI 0.8%–17.8%) (Table 1). Positivity was 
higher among animals collected by POFI; 25/35 
(71.4%) animals tested positive for >1 pathogens. Of 
those, 9 were positive for Leptospira spp. (25.7%, 95% 
CI 13.1%–43.6%), 20 for Rickettsia spp. (57.1%, 95% 
CI 39.5%–73.2%), 2 for O. tsutsugamushi (5.7%, 95% 
CI 1.0%–20.5%), and 6 for Anaplasmataceae (17.1%, 
95% CI 7.2%–34.3%) (Table 2). Sequencing identified 
R. typhi, R. felis, R. conorii, an Anaplasma species (ei-
ther A. centrale, A. capra, or A. marginale), A. platys, 
A. bovis, A. phagocytophilum, Ehrlichia chaffeensis, Lac-
tococcus garvieae, and Kurthia populi (Tables 1, 2). No  
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Figure. Wildlife trade sites and 
POFI sites (black circles) where 
wildlife samples were collected 
for study of zoonotic pathogens 
in wildlife traded in markets 
for human consumption, Laos. 
Provinces are labeled with black 
squares. POFI, Provincial Office 
of Forestry Inspection.
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samples were positive for C. burnetii (0/76), fla-
viviruses (0/359), dengue virus (0/359), or Zika  
virus (0/358).

Among species for which >10 individual ani-
mals were sampled in trade sites, 2 had particu-
larly high proportions of Leptospira spp.–positive 
specimens: the variable squirrel (Callosciurus fin-
laysonii) (13/28; 46.4% 95% CI 28.0%–65.8%) and 
the common palm civet (Paradoxurus hermaphrodi-
tus) (10/22; 45.5%, 95% CI 25.2%–67.3%). Leptospira 
spp.–positivity was higher in dry (50/195; 25.6%, 
95% CI 19.8%–32.5%) than wet season (15/129; 
11.6%, 95% CI 6.9%–18.8%) (χ2 = 8.7; p = 0.003). 
Data disaggregation by species and province sug-
gested that observed seasonality was driven by 
results in common palm civets and variable squir-
rels in Champasak Province. No association was 
detected between the probability of an animal test-
ing positive for Leptospira and the animal being 
alive (3/22; 14%, 95% CI 3.6%–36%), freshly dead 
(58/293; 20%, 95% CI 16%–25%; p = 0.6), or frozen 
(4/9; 44%, 95% CI 15%–77%; p = 0.1). In a subset 

of Leptospira spp.–positive animals with multiple 
samples, 75% (18/24; 95% CI 53%–89%) of urogeni-
tal swab samples and 50% (9/18; 95% CI 29%–71%) 
of blood samples were positive (p = 0.11 by Fisher 
exact test). Rickettsia spp. were detected exclusively 
in solid organs (liver, kidney, and spleen).

Zoonotic pathogens were nearly ubiquitous 
across sites; 10/11 sites yielded >1 pathogens. Squir-
rels are frequently traded in Lao markets (8) and had 
the greatest pathogen diversity in this study. Lepto-
spira spp. was identified most frequently, found in 
20.1% of animals (>45% in variable squirrels and 
common palm civets). Variable squirrels are com-
monly traded, often in batches of 2 to 3 squirrels (8); 
hence, on average, someone purchasing 3 variable 
squirrels would have an 83% likelihood of buying 
>1 infected squirrel (p = 1 – (1 – prevalence)3 = 1 
– 0.553 = 0.83). The higher risk for Leptospira detec-
tion in the dry season is at odds with the typically 
described correlation of transmission with precipi-
tation and flooding (10), suggesting that much re-
mains to be understood of Leptospira ecology. Other 
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Table 1. Zoonotic pathogens detected and animal species and sample types that tested positive in wildlife collected from trade sites, 
Laos* 

Organism 
No. positive/no. tested Sequencing identity 

match, %† Animals Species Samples Sample types 
Leptospira spp. 65/324 Callosciurus finlaysonii squirrel, 13/28 72/461 URO, 58/312 NA   

C. erythraeus squirrel, 8/56  SPL, 1/3 
 

  
Paradoxurus hermaphroditus civet, 

10/22 
 KID, 2/6 

 

  
C. inornatus squirrel, 7/34  LIV, 1/40 

 
  

Dremomys rufigenis squirrel, 5/35  BLD, 9/85 
 

  
Menetes berdmorei ground squirrel, 

4/29 
 URI, 1/15 

 

  
Rhizomys pruinosus rat, 3/21  

  
  

Arctogalidia trivirgata civet, 2/2  
  

  
Petaurista philippensis flying squirrel, 

1/9 
 

  

  
Atherurus macrourus porcupine, 1/1  

  
  

Belomys pearsonii flying squirrel, 1/12  
  

  
Eonycteris spelaea bat, 1/3  

  
  

Hylopetes alboniger flying squirrel, 1/5  
  

  
H. phayrei flying squirrel, 1/9  

  
  

H. spadiceus flying squirrel, 1/2  
  

  
Muntiacus muntjak deer, 1/1  

  
  

Paguma larvata civet, 1/2  
  

  
Prionailurus bengalensis cat, 1/3  

  
  

Rhizomys sumatrensis rat, 1/6  
  

  
Tupaia belangeri treeshrew, 1/3  

  
  

Unknown Sciuridae squirrel, 1/2  
  

Rickettsia spp. 1/41  P. philippensis flying squirrel, 1/2 1/68 LIV, 1/40 NA 
Rickettsia felis† 2/41  D. rufigenis squirrel, 1/11 2/68 LIV, 2/40 98–100   

P. hermaphroditus civet, 1/6    
R. typhi† 1/41  D. rufigenis squirrel, 1/11 1/68 LIV, 1/40 93 
Anaplasma platys† 1/41  P. hermaphroditus civet, 1/6 1/68 KID, 1/6 98 
A. centrale 1/41  M. muntjak deer, 1/1 5/68 KID, 1/6 98.8–99.6 (A. centrale) 
A. capra 

  
 LIV, 3/40 98.8–99.6 (A. capra) 

A. marginale† 
  

 SPL, 1/3 98.8 (A. marginale) 
*BLD, blood; KID, kidney; LIV, liver; NA, not applicable; SPL, spleen; URI, urine; URO, urogenital swab. 
†Organism identified by sequencing of PCR products and identity match given in the right-hand column. All nucleotide sequences were submitted to 
GenBank under accession nos. MW407963–MW407984 and MW411434–MW411439. 
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studies have shown higher prevalence in rats (11), 
and although we are confident of the results from 
trade sites, storage of animals from POFI sites might 
have resulted in cross-contamination, which war-
rants cautious interpretation of results in this subset. 
Among Leptospira spp.-positive animals, detection 
was more likely in urogenital swab samples, high-
lighting the risk for transmission through infected 
urine (10). Although reservoir rodents are character-
ized by chronic renal infections, septicemia occurs 
during initial infection (10), and the high proportion 
of positive blood samples indicates a public health 
risk in relation to the consumption of uncooked or 
undercooked meat, organs, and blood. The PCR 
used to detect leptospires is specific for pathogenic 
and intermediate species (Appendix Table 3), but we 
could not confirm their human pathogenicity. The 
high volume of squirrel trade combined with high 
infection frequency suggests a high risk for exposure 
among wildlife consumers. Because leptospirosis is 
a key cause of fever in rural Laos (12), further work 
is needed to learn more about the relevance of con-
tact with wildlife through trade and consumption.

The Rickettsiales species identified here are 
known to cause human infections in Laos (13). R. typhi 

causes murine typhus, a major underrecognized 
cause of fever (13). O. tsutsugamushi is responsible for 
up to 23% of fever (14), and although commonly as-
sociated with ground-dwelling rodents, the vectors 
(Leptotrombidium mites) parasitize squirrels (15), and 
O. tsutsugamushi has been isolated from Callosciurus 
notatus squirrels in Malaysia (16). Other bacteria iden-
tified are reviewed elsewhere (Appendix Table 6).

Although many of the human pathogens identi-
fied are transmitted by arthropod vectors, we found 
few arthropods in the wildlife sampled, probably 
because vectors leave animals quickly after animal  
death (17). Therefore, because most market vendors 
sell dead animals obtained from hunters or interme-
diaries (8), vendors are less likely to be exposed to 
disease vectors, and hunters are possibly at greater 
risk than market vendors or consumers. O. tsutsu-
gamushi and R. typhi can cause infections through 
aerosol exposure, bites from infected animals, and 
needlestick injuries (18), but whether such routes of 
infection occur at trade sites is unclear. The frequent 
occurrence of Leptospira, which can be transmitted 
by direct contact with abraded skin and mucous 
membranes, may pose health risks to hunters, ven-
dors, and consumers.
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Table 2. Zoonotic pathogens detected and animal species and sample types that tested positive in wildlife collected from POFI sites* 

Organism 
No. positive/no. tested Sequencing identity 

match, %† Animals Species Samples Sample types 
Leptospira spp. 9/35 Callosciurus finlaysonii squirrel, 1/1 46/256 SPL, 17/69 NA   

Callosciurus erythraeus squirrel, 4/17  KID, 14/91 
 

  
Callosciurus inornatus squirrel, 2/6  LIV, 14/92 

 
  

Petaurista philippensis flying squirrel, 1/5  BLD, 1/3 
 

  
Catopuma temminckii cat, 1/1  

  

Orientia tsutsugamushi 2/34 C. erythraeus squirrel, 2/17 2/252 SPL, 2/252 NA 
Rickettsia spp. 12/35 C. erythraeus squirrel, 5/17 70/252 LIV, 30/92 NA   

P. philippensis flying squirrel, 2/5  KID, 25/91 
 

  
C. inornatus squirrel, 2/6  SPL, 15/69 

 
  

Paradoxurus hermaphroditus civet, 1/2  
  

  
Catopuma temminckii cat, 1/1  

  
  

Ratufa bicolor squirrel, 1/1  
  

Rickettsia conorii† 1/35 P. philippensis flying squirrel, 1/5 1/252 LIV, 1/92 99 
R. felis† 1/35 C. erythraeus squirrel, 1/17 2/252 LIV, 1/92 98    

 SPL, 1/69  
R. typhi 6/35 C. erythraeus squirrel, 6/17 7/252 KID, 4/91 NA    

 LIV, 2/92 
 

   
 SPL, 1/69 

 

Anaplasmataceae 1/34 C. erythraeus squirrel, 1/17 3/252 KID, 2/91 NA    
 SPL, 1/69 

 

Anaplasma bovis† 1/34 C. erythraeus squirrel, 1/17 7/252 KID, 1/91 99.7–100    
 LIV, 3/92 

 
   

 SPL, 3/69 
 

A. phagocytophilum† 2/34  Catopuma temminckii cat, 1/1 4/252 KID, 2/91 98–99   
P. philippensis flying squirrel, 1/4  SPL, 2/69  

Ehrlichia spp./E. 
chaffeensis† 

1/34  Unknown Muridae rat, 1/1 1/252 SPL, 1/69 97 (Ehrlichia spp.)   
 

 
97 (E. chaffeensis) 

Kurthia populi† 1/34 C. erythraeus squirrel, 1/17 1/252 LIV, 1/92 98 
Lactococcus garvieae† 1/34 C. erythraeus squirrel, 1/17 1/252 SPL, 1/69 99 
*BLD, blood; KID, kidney; LIV, liver; NA, not applicable; POFI, Provincial Office of Forestry Inspection; SPL, spleen; URI, urine; URO, urogenital swab. 
†Organism identified by sequencing of PCR products and identity match given in righthand column. All nucleotide sequences were submitted to GenBank 
under accession nos. MW407963–MW407984 and MW411434–MW411439. 
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Appendix 

Supplementary Methods 

Data Collection 

Identification of animals was done to species level when possible by using an established 

regional field guide (1). Basic information, such as the status of the animal (live or dead) and 

storage status (frozen or fresh), was recorded. 

Extraction of Nucleic Acids 

We extracted samples by using the QIAamp Viral RNA Mini Kits (QIAGEN, 

https://www.qiagen.com). The manufacturer’s protocol was modified following manufacturer’s 

recommendations (2) and DNA and RNA were extracted simultaneously. Urogenital swabs were 

first centrifuged to release cells from the swabs into the supernatant, which was then transferred 

into new tubes. For blood and urine, 200 µL of sample was used. Buffer AL (200 µL) and 

Proteinase K (20 µL) were added to the samples and incubated at 56°C for 30 minutes. For liver, 

spleen, and kidney tissue, 0.025 g of tissue was transferred to a tube containing glass beads. 

Buffer ATL (200 µL) and Proteinase K (20 µL) were added and the sample vortexed for 30 

minutes, then incubated as described previously. To check for the presence of PCR inhibitors, 10 

µL of T4/MS2 phage solution (3) was added after cell lysis. The extraction process was 

continued as per manufacturer’s protocol with minor adjustments: 800 µL AVL/carrier RNA 

buffer, 200 µL ethanol, and 500 µL AW1 and AW2. Total nucleic acid was eluted in 100 µL 

Buffer AVE. 

Statistical Analysis 

Descriptive, univariate, and multivariate analyses were done using R version 3.6.2 

(https://www.r-project.org). Confidence interval around prevalence estimates and other 

proportions used binomial confidence intervals. The effect of season on Leptospira prevalence 

https://doi.org/10.3201/eid2804.210249
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was initially assessed by a χ2 test. To further test the season effect in different provinces, we 

used a logistic regression with season, province, and their interaction as explanatory variables. 

The effect of the wild meat preservation method on the risk for Leptospira detection was 

assessed by using a mixed effects logistic regression with species as random effect, using the R 

package lme4. In a subset of Leptospira spp.-positive animals for which multiple sample types 

were available for testing (i.e., animals have multiple sample types, and >1 of them is positive 

for Leptospira), we compared the proportion of positive results in genital swab samples and  

blood samples by using a Fisher exact test. 

Finally, to further demonstrate the significance of the high prevalence of Leptospira spp. 

found in squirrels, we estimated the probability of a consumer being exposed to Leptospira in the 

simple and common scenario where a consumer purchases 3 variable squirrels. With a known 

prevalence p of Leptospira spp. in variable squirrels, the probability of a consumer to purchase 

>1 infected animal is one minus the probability to purchase no infected animals. Assuming that 

the infection status of individual squirrels on a stall is independent, this is P(purchasing >1 

infected squirrel among) = 1-(1-p)3. 
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Appendix Table 1. Location and date of wildlife sampled from markets, Laos* 

ID Province Site 
Site 

classification Season Date of visit 

No. 
animals 
sampled 

No. animals sampled (% 
of total) 

No. animals positive by PCR 
(% of animals from site) 

1 Bolikhamxay Km 20 market Trade Dry 2016 Jan 22 8 49 (13.7) 5 (10.2)     
Dry 2016 Jan 23 3 

  
    

Dry 2016 Jan 24 6 
  

    
Dry 2016 Feb 26 3 

  
    

Dry 2016 Feb 27 6 
  

    
Dry 2016 Feb 28 10 

  
    

Wet 2015 Aug 20 6 
  

    
Wet 2015 Aug 21 5 

  
    

Wet 2017 Sep 19 2 
  

2 Bolikhamxay Thongnamy Trade Dry 2016 Jan 25 9 23 (6.4) 8 (34.8)     
Dry 2016 Jan 26 4 

  
    

Dry 2016 Mar 1 3 
  

    
Wet 2016 May 4 2 

  
    

Wet 2016 May 5 5 
  

3 Champasak Km 14 market Trade Dry 2015 Dec 17 4 49 (13.7) 15 (30.6)     
Dry 2015 Dec 18 5 

  
    

Dry 2015 Dec 19 5 
  

    
Dry 2016 Feb 5  5 

  
    

Dry 2016 Feb 6  1 
  

    
Dry 2016 Feb 7  6 

  
    

Dry 2016 Feb 9  7 
  

    
Wet 2015 May 23 7 

  
    

Wet 2015 May 24 4 
  

    
Wet 2015 May 25 4 

  
    

Wet 2015 May 26 1 
  

4 Champasak Songta-ou Trade Dry 2015 Nov 2  1 55 (15.3) 12 (21.8)     
Dry 2015 Dec 16 11 

  
    

Dry 2015 Dec 21 8 
  

    
Dry 2016 Feb 8  10 

  
    

Dry 2016 Feb 10 9 
  

    
Wet 2015 May 20 9 

  
    

Wet 2015 May 22 7 
  

5 Saravanh Salavan Market Trade Dry 2015 Dec 23 5 44 (12.3) 9 (20.5)     
Dry 2015 Dec 24 4 

  
    

Dry 2015 Dec 25 2 
  

    
Dry 2016 Feb 11 6 

  
    

Dry 2016 Feb 12 2 
  

    
Dry 2016 Feb 13 3 

  
    

Dry 2016 Feb 14 3 
  

    
Dry 2016 Apr 30 5 

  
    

Wet 2015 May 28 7 
  

    
Wet 2015 May 29 4 

  
    

Wet 2016 May 1  3 
  

6 Vientiane Ka-si Trade Dry 2016 Mar 15 10 40 (11.1) 6 (15.0)     
Dry 2016 Mar 16 6 

  
    

Wet 2015 Aug 8  5 
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ID Province Site 
Site 

classification Season Date of visit 

No. 
animals 
sampled 

No. animals sampled (% 
of total) 

No. animals positive by PCR 
(% of animals from site)     

Wet 2015 Aug 9  2 
  

    
Wet 2015 Sep 19 8 

  
    

Wet 2015 Sep 20 5 
  

    
Wet 2017 Aug 24 4 

  

7 Vientiane Meungsong Trade Dry 2016 Mar 17 4 11 (3.1) 2 (18.2)     
Wet 2015 Aug 9  5 

  
    

Wet 2017 Aug 25 2 
  

8 Vientiane Pha-hom Trade (roadside 
market) 

Wet 2016 Jun 15 1 1 (0.3) 0/1 (0.0) 

9 Xiengkhuang Nam-ngam Trade Wet 2016 May 12 4 14 (3.9) 3 (21.4)     
Wet 2016 May 13 3 

  
    

Wet 2016 May 16 6 
  

    
Wet 2017 Aug 22 1 

  

10 Xiengkhuang Phonsavanh/ 
Souanphukham 

Trade Dry 2014 Dec 18 2 34 (9.5) 6 (17.6) 
    

Dry 2016 Mar 11 9 
  

    
Dry 2016 Mar 12 5 

  
    

Dry 2016 Mar 13 5 
  

    
Wet 2015 Sep 15 4 

  
    

Wet 2015 Sep 16 4 
  

    
Wet 2015 Sep 17 4 

  
    

Wet 2016 May 15 1 
  

11 Xiengkhuang Thajok Trade (roadside 
stall) 

Wet 2016 May 13 3 4 (1.1) 1 (25.0) 
    

Wet 2016 May 16 1 
  

BKX Bolikhamxay Bolikhamxay POFI POFI Dry 2014 Nov 13 4 28 (7.8) 22 (78.6)     
Dry 2015 Apr 23 4 

  
    

Dry 2017 Jan 18 6 
  

    
Wet 2014 Jul 10 2 

  
    

Wet 2016 Jul 26 5 
  

    
Wet 2016 Aug 29 5 

  
    

Wet 2016 Aug 30 2   
CHP Champasak Champasak POFI POFI Wet 2017 May 19 1 1 (0.3) 1 (100.0) 
VTE Vientiane 

Capital 
Vientiane Capital 

POFI 
POFI Wet 2016 Jul 7 6 6 (1.7) 2 (33.3) 

TOTAL       359 (100.0) 92 (25.6) 
*POFI, Provincial Office of Forestry Inspection. 
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Appendix Table 2. Sampling methods used in wildlife traded in markets for human consumption, Laos*  
Sample type Animal status Method Sample preservation 
Urogenital swab Live or dead Urogenital area swabbed (Puritan Medical 

Products, https://www.puritanmedproducts.com), 
collected in duplicate. 

VTM + RNAlater† 

Urine Live Plastic sheet was placed under cages and left until 
the animal urinated (or for a maximum of 30 min). 

Collected urine was transferred to tube. 

Plain tube 

 Dead Collected either by using a disposable pipette after 
pressing on the bladder or by cystocentesis using a 
21G needle and sterile syringe. When insufficient 

urine was available, the urogenital area was 
swabbed up to 2 times. 

Plain tube 
or 

VTM + RNAlater 
(swabs) 

Blood Dead Blood drawn by rib cage cardiac puncture using a 
21G needle 

Plain tube 

Liver Dead (nonbutchered) Obtained using a punch biopsy needle (Single 
Action Biopsy Device 14G, 20 mm Throw Trocar 

Tip, Argon Medical Devices, 
https://www.argonmedical.com). 

VTM + RNAlater 

Liver, kidney, or spleen Dead (butchered or 
collected by POFI) 

≈200 mg tissue samples collected VTM + RNAlater 

*POFI, Provincial Office of Forestry Inspection; VTM, viral transport medium (in-house formulation, National Animal Health Laboratories, Vientiane, 
Laos).  
†RNAlater (Sigma-Aldrich, https://www.sigmaaldrich.com). 
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Appendix Table 3. PCR assays used for pathogen detection in wildlife traded in markets for human consumption, Laos* 
Pathogen Name Sequence 5′-3′ Target region Reference 
O. tsutsugamushi OtsuFP630 AACTGATTTTATTCAAACTAATGCTGCT 47 kDa outer membrane protein  (4) 
 OtsuRP747 TATGCCTGAGTAAGATACRTGAATRGAATT   
 OtsuPR665 FAM-TGGGTAGCTTTGGTGGACCGATGTTTAATCT-TAMRA   
Rickettsia spp. R17K128F2 GGGCGGTATGAAYAAACAAG 17 kDa surface antigen  (4) 
 R17K238R CCTACACCTACTCCVACAAG   
 R17K202TAQP FAM-CCGAATTGAGAACCAAGTAATGC-TAMRA   
Nested Rickettsia spp. R17kM61F ACTTTACAAAATTCTAAAAACCATATACT 17 kDa surface antigen  (5) 
 R17K31F GCTCTTGCAGCTTCTATGTTACA   
 Rr2608Rnew CATTGTCCGTCAGGTTGGCG   
Leptospira spp. Lepto-F CCCGCGTCCGATTAG 16s rRNA  (6–8) 
 Lepto-R TCCATTGTGGCCGRACAC   
 Lepto-probe FAM-CTCACCAAGGCGACGATCGGTAGC-BHQ1   
Anaplasmataceae 
(Neorickettsia 
spp./Anaplasma 
spp./Ehrlichia spp.) 

Ehr-16S_F GGTACCYACAGAAGAAGTCC 16s rRNA  (9) 

 Ehr-16S_R TAGCACTCATCGTTTACAGC   
E. chaffeensis ECH16S-17 GCGGCAAGCCTAACACAT 16s rRNA  (10) 
 ECH16S-97 CCCGTCTGCCACTAACAATTATT   
 ECH16S-38 carboxyfluorescein-AGTCGAACGGACAATTGCTTATAACCTTTTGGT   
A. phagocytophilum ApMSP2f ATCGAAGGTAGTGTTGGTTATGGTATT msp2 outer membrane protein  (11) 
 APMSP2r TTGGTCTTGAAGCGCTCGTA   
 APMAP2p HEX-TGGTGCCAGGGTTGAGCTTGAGATTG-TAMRA   
C. burnetii IS1111f CAAGAAACGTATCGCTGTGGC IS1111 transposase  (12) 
 IS1111R CACAGAGCCACCGTATGAATC   
 IS1111 probe FAM-CCGAGTTCGAAACAATGAGGGCTG-TAMRA   
Flavivirus PF1 TGYRTBTAYAACATGATGGG NS5  (13) 
 PF2bis GTGTCCCAICCNGCNGTRTC   
 PF3 ATHTGGTWYATGTGGYTDGG   
Dengue virus DenAll-F AGGACYAGAGGTTAGAGGAGA 3′UTR  (14) 
 DenAll-R CGYTCTGTGCCTGGAWTGAT   
 DenAll-P FAM-ACAGCATATTGACGCTGGGARAGACC-TAMRA   
Hantavirus PanHanta-F2 TGCWGATGCIACRAAATGGTC L segments  (15) 
 PanHanta-R2 GCATCATCWGARTGATGIGCAA   
Zika virus ZIKA2 S CTTGGAGTGCTTGTGATT Polyprotein † 
 ZIKA2 R CTCCTCCAGTGTTCATTT   
 ZIKA2 PROBE FAM- 

AGAAGAGAATGACCACAAAGATCA-TAMRA 
  

Universal 27F/V1-F AGAGTTTGATCMTGGCTCAG 16S rRNA (16, 17) 
 518R/V3-R GTATTACCGCGGCTGCTGGCA   
T4 T4F CCATCCATAGAGAAAATATCAGAACGA Enterobacteria phage T4  (18) 
 T4R TAAATAATTCCTCTTTTCCCAGCG   
 T4probe VIC-AACCAGTAATTTCATCTGCTTCTGATGTGAGGC-TAMRA   
MS2 MS2F CTCTGAGAGCGGCTCTATTGGT Enterobacteria phage MS2  (18) 
 MS2R GTTCCCTACAACGAGCCTAAATTC   
 MS2probe VIC-TCAGACACGCGGTCCGCTATAACGA-TAMRA   
*Assays used 5 µL of DNA/RNA template with a 20 µL PCR mastermix containing 0.8 µg/µL BSA. Bacterial quantitative PCRs used Platinum Quantitative PCR SuperMix-UDG (ThermoFisher Scientific, 
https://www.thermofisher.com), while either SuperScript III Platinum One-Step qRT-PCR system (ThermoFisher Scientific) or QuantiTect SybrGreen quantitative reverse transcription PCR kit (QIAGEN, 
https://www.giagen.com) was used for viral quantitative reverse transcription PCR. A cycle threshold value of <40 was classified as positive. Where applicable, primers were also used for sequencing of PCR 
products. 
†Inhouse quantitative reverse transcription PCR by Unité des Virus Emergents, L'Institut de recherche pour le développement, Faculté de Médecine, Timone, Marseille, France. 
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Appendix Table 4. Number and type of animal species sampled in wildlife markets, Laos 
Order Family Scientific name Common name No. (%) 
Artiodactyla Cervidae Muntiacus muntjak Red muntjac 1 (0.3) 
Carnivora Felidae Catopuma temminckii Asian golden cat 1 (0.3)   

Prionailurus bengalensis Leopard cat 3 (0.8)  
Herpestidae Herpestes javanicus Small Asian mongoose 3 (0.8)  
Mustelidae Martes flavigula Yellow-throated marten 1 (0.3)  
Viverridae Arctogalidia trivirgata Small-toothed palm civet 2 (0.6)   

Paguma larvata Masked palm civet 2 (0.6)   
Paradoxurus hermaphroditus Common palm civet 24 (6.7)   

Viverra megaspila Large-spotted civet 1 (0.3)   
Viverricula indica Small Indian civet 1 (0.3) 

Chiroptera Pteropodidae Cynopterus sp. Bat sp. 3 (0.8)   
Eonycteris spelaea Cave nectar bat 3 (0.8)   

Macroglossus sobrinus Greater Long-tongued nectar bat 1 (0.3)   
Megaerops sp. Bat sp. 2 (0.6)   
Rousettus sp. Bat sp. 14 (3.9)   
Sphaerius sp. Bat sp. 2 (0.6) 

Lagomorpha Leporidae Lepus peguensis Burmese hare 1 (0.3) 
Rodentia Hystricidae Atherurus macrourus Brush-tailed porcupine 1 (0.3)  

Muridae Unknown Rat sp. 1 (0.3)  
Sciuridae Belomys pearsonii Hairy-footed flying squirrel 12 (3.3)   

Callosciurus erythraeus Pallas's squirrel 73 (20.3)   
Callosciurus finlaysonii Variable squirrel 29 (8.1)   
Callosciurus inornatus Inornate squirrel 40 (11.1)   
Dremomys rufigenis Red-cheeked squirrel 36 (10.0)   
Hylopetes alboniger Particolored flying squirrel 5 (1.4)   
Hylopetes phayrei Phayre's flying squirrel 9 (2.5)   

Hylopetes sp. Small flying squirrel 4 (1.1)   
Hylopetes spadiceus Red-cheeked flying squirrel 2 (0.6)   
Menetes berdmorei Indochinese ground squirrel 29 (8.1)   
Petaurista elegans Lesser giant flying squirrel 1 (0.3)   

Petaurista petaurista Red giant flying squirrel 2 (0.6)   
Petaurista philippensis Indian giant flying squirrel 14 (3.9)   

Petaurista sp. Giant flying squirrel 1 (0.3)   
Ratufa bicolor Black giant squirrel 3 (0.8)   

Unknown Small flying squirrel 2 (0.6)  
Spalacidae Rhizomys pruinosus Hoary bamboo rat 21 (5.8)   

Rhizomys sumatrensis Indomalayan bamboo rat 6 (1.7) 
Scandentia Tupaiidae Tupaia belangeri Northern treeshrew 3 (0.8) 
Total 

   
359 
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Appendix Table 5. Wildlife specimens collected in markets and results of PCR tests for zoonotic pathogens, Laos*  

Animal specimens from trade sites No. 

No. positive/No. tested 
16S 

Universal 
cPCR 

Leptospira 
spp. q-PCR 

Coxiella q-
PCR 

Anaplasma 
phagocytophilum q-

PCR 

Ehrlichia 
chaffeensis q-

PCR 

Orientia 
tsutsugamushi q-

PCR 
Anaplasmatacae 

cPCR 
Rickettsia 
spp. qPCR 

Rickettsia 
typhi qPCR 

Dengue 
virus qRT-

PCR 
Flavivirus 
qRT-PCR 

Zika virus qRT-
PCR 

Arctogalidia trivirgata 2 – 2/2 n.s n.s n.s n.s n.s n.s – 0/2 0/2 0/2 
Atherurus macrourus 1 – 1/1 n.s n.s n.s n.s n.s n.s – 0/1 0/1 0/1 
Belomys pearsonii 12 – 1/12 n.s n.s n.s n.s n.s n.s – 0/12 0/12 0/12 
Callosciurus erythraeus 56 – 8/56 0/9 0/9 0/9 0/9 0/9 0/8 – 0/56 0/56 0/55 
Callosciurus finlaysonii 28 – 13/28 0/2 0/2 0/2 0/2 0/2 0/2 – 0/28 0/28 0/28 
Callosciurus inornatus 34 – 7/34 0/3 0/3 0/3 0/3 0/3 0/3 – 0/34 0/34 0/34 
Cynopterus spp. 3 – 0/3 n.s n.s n.s n.s n.s n.s – 0/3 0/3 0/3 
Dremomys rufigenis 35 – 5/35 0/11 0/11 0/11 0/11 0/11 2/11 0/1 0/35 0/35 0/35 
Eonycteris spelaea 3 – 1/3 0/2 0/2 0/2 0/2 0/2 0/2 – 0/3 0/3 0/3 
Herpestes javanicus 3 – 0/3 0/2 0/2 0/2 0/2 0/2 0/2 – 0/3 0/3 0/3 
Hylopetes alboniger 5 – 1/5 n.s n.s n.s n.s n.s n.s – 0/5 0/5 0/5 
Hylopetes phayrei 9 – 1/9 n.s n.s n.s n.s n.s n.s – 0/9 0/9 0/9 
Hylopetes spp. 4 – 0/4 n.s n.s n.s n.s n.s n.s – 0/4 0/4 0/4 
Hylopetes spadiceus 2 – 1/2 n.s n.s n.s n.s n.s n.s – 0/2 0/2 0/2 
Lepus peguensis 1 – 0/1 n.s n.s n.s n.s n.s n.s – 0/1 0/1 0/1 
Macroglossus sobrinus 1 – 0/1 n.s n.s n.s n.s n.s n.s – 0/1 0/1 0/1 
Martes flavigula 1 – 0/1 0/1 0/1 0/1 0/1 0/1 0/1 – 0/1 0/1 0/1 
Megaerops spp. 2 – 0/2 n.s n.s n.s n.s n.s n.s – 0/2 0/2 0/2 
Menetes berdmorei 29 – 4/29 0/1 0/1 0/1 0/1 0/1 0/1 – 0/29 0/29 0/29 
Muntiacus muntjak 1 – 1/1 0/1 0/1 0/1 0/1 1/1 0/1 – 0/1 0/1 0/1 
Paguma larvata 2 – 1/2 n.s n.s n.s n.s n.s n.s – 0/2 0/2 0/2 
Paradoxurus hermaphroditus 22 – 10/22 0/6 0/6 0/6 0/6 1/6 1/6 0/1 0/22 0/22 0/22 
Petaurista elegans 1 – 0/1 n.s n.s n.s n.s n.s n.s – 0/1 0/1 0/1 
Petaurista petaurista 2 – 0/2 n.s n.s n.s n.s n.s n.s – 0/2 0/2 0/2 
Petaurista philippensis 9 – 1/9 0/2 0/2 0/2 0/2 0/2 1/2 – 0/9 0/9 0/9 
Petaurista spp. 1 – 0/1 0/1 0/1 0/1 0/1 0/1 0/1 – 0/1 0/1 0/1 
Prionailurus bengalensis 3 – 1/3 n.s n.s n.s n.s n.s n.s – 0/3 0/3 0/3 
Ratufa bicolor 2 – 0/2 n.s n.s n.s n.s n.s n.s – 0/2 0/2 0/2 
Rhizomys pruinosus 21 – 3/21 n.s n.s n.s n.s n.s n.s – 0/21 0/21 0/21 
Rhizomys sumatrensis 6 – 1/6 n.s n.s n.s n.s n.s n.s – 0/6 0/6 0/6 
Rousettus spp. 14 – 0/14 n.s n.s n.s n.s n.s n.s – 0/14 0/14 0/13 
Sphaerius spp. 2 – 0/2 n.s n.s n.s n.s n.s n.s – 0/2 0/2 0/2 
Tupaia belangeri 3 – 1/3 n.s n.s n.s n.s n.s n.s – 0/3 0/3 0/3 
Unknown Sciuridae 2 – 1/2 n.s n.s n.s n.s n.s n.s – 0/2 0/2 0/2 
Viverra megaspila 1 – 0/1 n.s n.s n.s n.s n.s n.s – 0/1 0/1 0/1 
Viverricula indica 1 – 0/1 n.s n.s n.s n.s n.s n.s – 0/1 0/1 0/1 
Animal specimens from POFI              
Callosciurus erythraeus 17 2/2 4/17 0/17 0/17 0/17 0/17 0/17 11/17 6/11 0/17 0/17 0/16 
Callosciurus finlaysonii 1 – 1/1 0/1 0/1 0/1 0/1 0/1 0/1 – 0/1 0/1 0/1 
Callosciurus inornatus 6 – 2/6 0/6 0/6 0/6 0/6 0/6 2/6 0/2 0/6 0/6 0/6 
Catopuma temminckii 1 – 1/1 0/1 0/1 0/1 0/1 0/1 1/1 0/1 0/1 0/1 0/1 
Dremomys rufigenis 1 – 0/1 0/1 0/1 0/1 0/1 0/1 0/1 – 0/1 0/1 0/1 
Paradoxurus hermaphroditus 2 – 0/2 0/2 0/2 0/2 0/2 0/2 1/2 – 0/2 0/2 0/2 
Petaurista philippensis 5 – 1/5 0/4 0/4 0/4 0/4 0/4 3/5 0/2 0/5 0/5 0/5 
Ratufa bicolor 1 – 0/1 0/1 0/1 0/1 0/1 0/1 1/1 0/1 0/1 0/1 0/1 
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Animal specimens from trade sites No. 

No. positive/No. tested 
16S 

Universal 
cPCR 

Leptospira 
spp. q-PCR 

Coxiella q-
PCR 

Anaplasma 
phagocytophilum q-

PCR 

Ehrlichia 
chaffeensis q-

PCR 

Orientia 
tsutsugamushi q-

PCR 
Anaplasmatacae 

cPCR 
Rickettsia 
spp. qPCR 

Rickettsia 
typhi qPCR 

Dengue 
virus qRT-

PCR 
Flavivirus 
qRT-PCR 

Zika virus qRT-
PCR 

Unknown Muridae 1 – 0/1 0/1 0/1 0/1 0/1 0/1 0/1 – 0/1 0/1 0/1 
Sample types taken from trade sites 
Blood 85 – 9/85 0/1 0/1 0/1 0/1 0/1 0/1 – 0/85 0/85 0/85 
Kidney 6 – 2/6 0/6 0/6 0/6 0/6 4/6 0/6 – 0/6 0/6 0/6 
Liver 40 – 1/40 0/40 0/40 0/40 0/40 3/40 0/40 0/2 0/40 0/40 0/40 
Spleen 3 – 1/3 0/3 0/3 0/3 0/3 1/3 0/3 – 0/3 0/3 0/3 
Urine 15 – 1/15 n.s n.s n.s n.s n.s n.s – 0/15 0/15 0/14 
Urogenital swab 312 – 58/312 0/18 0/18 0/18 0/18 0/18 0/18 – 0/312 0/312 0/311 
Sample types from POFI-collected animals 
Blood 3 – 1/3 n.s n.s n.s n.s n.s n.s – 0/3 0/3 0/3 
Kidney 91 – 14/91 0/91 0/91 0/91 0/91 5/91 29/91 4/27 0/91 0/91 0/90 
Liver 92 1/1 14/92 0/92 0/92 0/92 0/92 4/92 34/92 2/29 0/92 0/92 0/92 
Spleen 69 1/1 17/69 0/69 0/69 0/69 2/69 8/69 17/69 1/17 0/69 0/69 0/69 
Urogenital swab 1 – 0/1 n.s n.s n.s n.s n.s n.s – 0/1 0/1 0/1 
*cPCR, conventional PCR; n.s., no appropriate sample available; POFI, Provincial Office of Forestry Inspection; qPCR, quantitative PCR; qRT-PCR, quantitative reverse transcription PCR; –, not tested;  
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Appendix Table 6. Descriptions of organisms identified in wildlife traded for human consumption, Laos 
Organism Human pathogen Notes Reference 
Rickettsia typhi Yes Cause of murine typhus, a major underrecognized cause of 

fever in Laos 
 (19) 

Rickettsia felis Yes An emerging rickettsial pathogen, often misdiagnosed as 
other febrile illnesses 

 (20) 

Orientia tsutsugamushi Yes Cause of scrub typhus, responsible for up to 23% of fever 
cases in Laos. Vectors are Leptotrombidium mites. 

Commonly associated with ground-dwelling rodents, but 
vectors are known to parasitize squirrels. O. tsutsugamushi 

has been isolated from Callosciurus notatus (plantain 
squirrel) in Malaysia 

 (21–23) 

Anaplasma phagocytophilum Yes Cause of human granulocytic anaplasmosis  (24) 
Anaplasma platys Yes Been identified in those with close associations with infected 

animals, such as veterinarians and companion animal 
owners 

 (25) 

Anaplasma capra Yes Has been identified in humans following tick bites  (26) 
Anaplasma marginale No Closely related to A. centrale. Known cause of bovine 

anaplasmosis 
 (27) 

Anaplasma centrale No A known cause of bovine anaplasmosis  (27) 
Anaplasma bovis No A known cause of bovine anaplasmosis. Not reported to 

infect humans 
 (24,28,29) 

Ehrlichia chaffeensis Yes Cause of human monocytic ehrlichiosis  (30) 
Lactococcus garvieae Rare Rare cause of human opportunistic infections  (31) 
Kurthia species Rare Rare cause of human opportunistic infections  (32) 
 


